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Robust Adaptive Control of a Flexible Transmission
System Using Multiple Models
Alireza Karimi and Ioan Doré Landau
Abstract—An application of the multiple models adaptive con-
trol based on switching and tuning to a flexible transmission system
will be presented. This approach has been considered in order to
assure high control performance in the presence of large load vari-
ation on the system. The advantages of the multiple models adap-
tive control system with respect to the classical adaptive control
will be illustrated via the experimental results. It will also be shown
that the robustness of the adaptive control system can be improved
with the appropriate shaping of a sensitivity function. The use of
a recently developed parameter estimation algorithm based on the
minimization of the closed-loop output error in the multiple models
scheme will also improve the performance of the system in the
tuning phase and will make the adaptation algorithm insensitive
to unmodeled output disturbances.
Index Terms—Adaptive control, closed-loop identification, flex-
ible structures, multimodel control, robustness, switching.
I. INTRODUCTION
FLEXIBLE systems with very low damping factor are ingeneral very difficult to control in the presence of large
load variation. However, a high-performance controller is nor-
mally needed for this type of systems, particularly in aerospace
applications. The experiments have shown that a fixed high-per-
formance controller designed for one loading may lead to insta-
bility for another loading. The robust stability may be achieved
only by a low-performance robust controller.
In this paper, we consider a flexible transmission system with
two very oscillatory vibration modes subject to large load vari-
ations (leading to about 100% variation of the first vibration
mode). This system has been the subject of a benchmark on ro-
bust digital control at the European Control Conference in Rome
1995 [1]. Several robust control design methods have been con-
sidered and examined on the real system, including con-
trol [2]–[4], QFT [5], [6], CRONE [7], GPC [8], pole placement
with sensitivity function shaping [9], [10] and direct minimiza-
tion of a performance with a model free approach [11]. The ro-
bust stability of the system has been assured by all of the robust
controller proposed, but a very high-performance fixed param-
eter controller for all of the loadings could not be achieved.
Adaptive control is a potential solution for improving the
performances of this system for large parameter variations. An
adaptive control approach for this system has already been con-
sidered by M’Saad and Hejda in [12] using the generalized pre-
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dictive control combined with a robust least squares parameter
estimator. However, the classical robust adaptive control ap-
proach leaves unsolved two important problems.
1) Transient responses caused by abrupt and large changes
in the load cannot be handled by the adaptive system (the
adaptive system is not enough fast to follow the parameter
variations and unacceptable transients occur).
2) In the absence of an excitation signal, the parameter drift
caused by the unmodeled output disturbances can render
the system unstable.
Different techniques have been proposed in the literature to
solve the problem of parameter drift, like using a dead-zone
in the parameter adaptation algorithm or using a permanent
excitation signal added to the reference signal of the system.
Although these techniques assure the stability of the system,
they deteriorate the performances. Another technique, so called
adaptation freezing, which is normally used in this situation
is difficult to tune and works only with a particular reference
input and a particular type of disturbances.
The novelty of this paper is the presentation of an adaptive
control scheme for the flexible transmission system which re-
moves the disadvantages of the classical robust adaptive control.
This scheme is based on the following algorithms.
1) Use of multiple models approach to adaptive control [13].
2) Replacement of the least squares estimator by a recently
developed “closed-loop output error” parameter estima-
tion scheme [14].
The use of an adaptive controller based on multiple models and
switching will allow the transient responses to be improved in
the presence of large and fast parametric variations [15]–[17].
In this approach, we suppose that a set of models for different
operating points is a priori known (which is the case for the
flexible transmission, since the system can be identified for a
certain numbers of loads). Then at every instant a controller
corresponding to the model yielding the minimum of a perfor-
mance index is used to compute the control input. The precision
of the control can be further improved using an adaptive model
(a model whose parameters are updated with a parameter adap-
tation algorithm) in the set of models. This method together with
a stability analysis was proposed by Narendra and Balakrishnan
in [13].
To solve the parameter drift problem, we will use a
closed-loop adaptation error algorithm which is based on the
use of the closed-loop output error between the output of the
true closed-loop system and of a predictor of the closed-loop
reparameterized in terms of the controller and of an esti-
mated plant model. The “closed-loop output error” algorithm
(CLOE), is by its structure insensitive to output disturbances
1063–6536/00$10.00 © 2000 IEEE
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Fig. 1. Schematic diagram of the flexible transmission.
and allows the need for adaptation freezing in the absence of
external excitation to be removed. Furthermore, this algorithm
is dedicated to plant model identification in closed loop which
assures asymptotically unbiased parameter estimates when the
plant model is in the model set. In the presence of unmodeled
dynamics the bias frequency distribution of the parameters
in this algorithm is weighted by two closed-loop sensitivity
functions which makes the identified model very suitable for
robust control design.
The rest of this paper is organized as follows. The flexible
transmission is described in Section II. The principles of the
multiple models adaptive control based on switching and tuning
will be presented in Section III. Section IV explains the basis of
the CLOE parameter estimation algorithm. A robust controller
using the pole placement combined with sensitivity function
shaping method is considered as the underlying linear control
design for the adaptive control law and it is presented in Sec-
tion V. The experimental results are given in Section VI and fi-
nally, Section VII presents the concluding remarks.
II. SYSTEM DESCRIPTION
The flexible transmission system built at Laboratoire d’Au-
tomatique de Grenoble (INPG-CNRS), France, consists of three
horizontal pulleys connected by two elastic belts. The schematic
diagram and the photo of the system are shown, respectively, in
Figs. 1 and 2. The first pulley is driven by a dc motor whose po-
sition is controlled by local feedback. Since the dynamic of this
feedback loop is much faster than that of the mechanical parts,
it can be neglected in the analysis of the system. The objective is
to control the position of the third pulley which may be loaded
with small disks. The system input is the reference for the axis
position of the first pulley. A PC is used to control the system.
The sampling frequency is 20 Hz.
The system is characterized by two low damped vibration
modes (with damping factors of less than 0.05), subject to a
large variation in the presence of load. Fig. 3 gives the amplitude
of the frequency characteristics of the identified discrete-time
models for three different loadings; no-load, half-load (1.8 Kg)
Fig. 2. View of the flexible transmission system.
and full-load (3.6 Kg). The frequencies are normalized by the
sampling frequency A variation of about 100% of the fre-
quency of the first vibration mode occurs when passing from
the full loaded case to the unloaded case. The system has a pure
time delay equal to two sampling periods and an unstable zero.
The discrete-time plant is described by the following transfer
operator:
(1)
where is the backward shift operator, is the plant pure
time delay and
(2)
(3)
The parameters of the three identified models are given
below.
No load:
Half load:
Full load:
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Fig. 3. Frequency characteristics of the flexible transmission for various loads.
III. PRINCIPLES OF ADAPTIVE CONTROL WITH SWITCHING
AND TUNING
The main idea of this method is to choose the best model for
the plant from an a priori known set of models at every instant
and apply the output of the corresponding controller to the plant.
Since the number of available models is finite but the number
of possible models is generally infinite, the identification is per-
formed in two steps.
• The model with smallest error with respect to a criterion
is rapidly chosen (switching).
• The parameters of the model are adjusted using a param-
eter adaptation algorithm (tuning).
The block diagram of this method is presented in Fig. 4. The
input and output of the plant are and , respectively. The
control system contains models which are either
fixed or adaptive models. The identification error is defined as
the difference between the output of the model and the
plant output
(4)
For each model there is a controller that satisfies the
control objective for (instead of controller we may have
a parameterized controller The performance criterion
which is used as the switching rule may be defined as fol-
lows [13]:
(5)
where is the time index and α and β are the weighting factors
on the instantaneous measures and the long-term accuracy. λ is
Fig. 4. Schematic diagram of the multiple models approach.
a forgetting factor which also assures the boundedness of the
criterion for bounded Then the design parameters for the
switching part of the control system are α, β and λ. If we choose
a large value for α/β and λ, we will obtain a very quick response
to the abrupt parameter changing but a bad response with respect
to disturbances. It means that, an output disturbance will gen-
erate an unwanted switching to another controller which result
in a poor control. Contrary, a small value for α/β and λ makes
the criterion a good indicator of steady-state identifier accuracy
which reduces the number of unwanted switching but leads to a
slow response with respect to the parameter variation.
Another design parameter , the minimum time delay be-
tween two switchings, plays an important role on the stability
analysis and the performances of the system. A small value for
gives too frequent switching and a large leads to a slow
response system.
A hysteresis cycle with a design parameter γ also may be
considered between two switchings. It means that a switching
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to another controller will occur if the performance index con-
cerning a model is improved by γ. A combination of two tech-
niques (time delay and hysteresis) may also be considered.
The models in this approach may be either fixed or adaptive
models. The parameters of the adaptive models may be initial-
ized with the parameters of the last chosen fixed model in order
to improve the adaptation speed. The stability analysis for sev-
eral combinations of the models (all adaptive models, all fixed
models, fixed models and one adaptive model, fixed models
with one free-running and one reinitialized adaptive model) was
given in [13]. In this paper, for the flexible transmission system,
we consider the last case which is the most performant with the
difference that the reinitialized adaptive model uses a new plant
parameter estimation algorithm (CLOE) [14].
IV. CLOSED–LOOP OUTPUT ERROR ADAPTATION ALGORITHM
(CLOE)
The closed-loop output error recursive adaptation algorithm
presented in [14] is based on a reparameterized adjustable pre-
dictor for the closed-loop system in terms of a known fixed con-
troller and an adjustable plant model Fig. 5 shows the
block diagram which is often used in closed-loop identification.
The output of the plant is described by
(1)
and the output of the predictor by
(2)
It can be shown that the parameter estimates given by this
algorithm satisfy asymptotically this relation [18]
(3)
where θ is the vector of the parameter, is the output sensi-
tivity function for the real closed loop defined by
(4)
and is the input sensitivity function of the designed loop
(5)
and are the spectra of reference and disturbance
signals, respectively.
Equation (3) shows that first, the parameter estimates are af-
fected only by the spectrum of the reference signal and
the noise spectrum has asymptoticaly no effect on the
minimum of the criterion with respect to θ. Second, the differ-
ence between real plant and estimated one is weighted by
two sensitivity functions. It means that in the presence of un-
modeled dynamics, we have more precision in the frequency
zones where the modules of the sensitivity functions are large.
Therefore the estimated model will be more accurate where the
control system cannot tolerate large uncertainties. It can be also
shown that this particular weighting is exactly what is required
Fig. 5. Closed-loop output error identification scheme.
for minimizing a robust performance criterion in an iterative ap-
proach [18].
A recursive algorithm minimizing in Fig. 5 can be
summarized as follows [14]. Consider the output of the system
which can be described by
(6)
where is the noise, assumed to be zero-mean with finite
variance and independent with respect to the external excitation.
Therefore
(7)
where
(8)
(9)
(10)
The a priori and a posteriori predictors for the plant output
are, respectively, defined by
(11)
(12)
where
(13)
(14)
(15)
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Fig. 6. Effects of output disturbances on the parameters in classical adaptive control.
Then the parameter adaptation algorithm has the form
(16)
(17)
(18)
(19)
The stability and the convergence analysis of this algorithm have
been given in [14]. According to the analysis the real positivity
of a closed-loop transfer function where is the denomi-
natorof thecontrollerand is thecharacteristicpolynomialof the
closed loop) plays an important role on the stability and the con-
vergence of the algorithm. However, this real positivity condition
may be weakened using a filtered regression vector defined as
(20)
where
(21)
is an estimation of the closed-loop polynomial based on an esti-
mation of and One uses the parameter adaptation algorithm
of (16)–(19) in which is replaced by This algorithm
named F-CLOE [14] will be used in the real-time experiments in
Section VI because in this case the transfer function should
be positive real which is much milder than the real positivity
condition on In these experiments is in fact the desired
closed-loop polynomial used for the pole placement method.
From (16), one can observe that the parameter estimates are
not influenced by the output disturbances in the absence of the
excitation (reference) signal, because in this algorithm the re-
gression vector depends only on the reference signal
which freezes automatically the drift of parameters. This can be
clearly observed in the following real-time experiment.
Consider the flexible transmission system in the no-load case
controlled by an adaptive pole placement controller. The system
parameters are initialized in open loop when the plant is excited
with a PRBS. Then the system will operate in closed loop (from
10s) and a square wavesignal filtered by a reference model will be
used as the closed-loop reference signal till and then is
set to zero. Disturbances are applied after Fig. 6 shows
the reference, the plant input and output and the evolution of the
parameters using a classical least squares equation error adap-
tation algorithm (without adaptation freezing). We can see that
a disturbance on the plant output causes a parameter drift which
mayrender thesystemunstable.Fig.7showsthesameexperiment
but using a closed-loop output error adaptation algorithm (the
schematic diagram of this method is compared with the classical
adaptive control scheme in Fig. 8). It can be observed that the
output disturbances do not affect the parameters evolution. This
property togetherwith theasymptoticunbiasednessof theparam-
eter estimates (in the absence of unmodeled dynamics) and the
particularbiasdistributionof the identifiedmodel (in thepresence
of unmodeled dynamics) encouraged us to use this adaptation
algorithminanadaptivemodel in themultiplemodelsscheme.
A preliminary study [19] shows that the existence of an exci-
tation signal is necessary for the stability of an adaptive control
system using the CLOE algorithm in a certain situation (when
the closed-loop system becomes unstable in the absence of ex-
ternal excitation). However, this algorithm can be used in the
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Fig. 7. Effects of output disturbances on the parameters in CLOE adaptive control.
Fig. 8. Indirect adaptive control (a) classical adaptive control; (b) CLOE adaptive control.
multiple models scheme even if the stability condition for the
algorithm is not satisfied. The reason is that in the absence of
the excitation signal the parameters of the CLOE predictor re-
main unchanged and the adaptive model becomes a fixed model
among the other fixed models, for which a stability analysis has
been already presented [13].
V. ROBUST CONTROL DESIGN
An adaptive control system responds directly to the structured
parametric uncertainty by the adjustment of model parameters.
Therefore, the unstructured modeling errors should be consid-
ered by the linear control law associated to the adaptive scheme.
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Fig. 9. Input sensitivity function shaping of the flexible transmission.
Since the unstructured modeling errors are in general large at
high frequencies, the input sensitivity function (the transfer
function between output disturbance and plant input) which is
related to additive uncertainties, should be low in these frequen-
cies. For the flexible transmission system, this can be achieved
using the pole placement with sensitivity function shaping [10]
in the following ways.
1) Choice of a fixed term in the numerator of the controller
in the form of
2) Choice of the auxiliary closed-loop poles near to the high-
frequency poles of the plant.
The first one has an effect only in the very high frequencies (be-
tween 0.4 to 0.5 whereas the second one decrease signifi-
cantly the input sensitivity function in middle and high frequen-
cies (between 0.2 to 0.5 The effects of these techniques
can be easily shown in the following example.
Consider the discrete time model of the flexible transmission
system in the no-load case. A first pole placement controller is
designed with the following specifications.
1) A pair of complex dominant poles with the frequency of
the first vibration mode of the plant model but with a
damping factor of 0.8.
2) Four auxiliary poles at 0.1 i.e., .
3) An integrator in the controller.
Fig. 9(a) shows the amplitude of the input sensitivity function
with a maximum of 12 dB at high frequency which signi-
fies a bad robustness with respect to the additive uncertainties.
The curve shows the effect of a fixed term in the
controller numerator. One observes that decreases in very
high frequencies. But a pair of complex poles in the place cor-
responding to the second vibration mode of the plant will de-
crease significantly in a very large band (curve Thus,
in order to obtain a robust controller with respect to the mod-
eling errors beyond the closed-loop band pass, auxiliary poles
should be chosen near to the plant high-frequency poles. It is
advisable to open the loop at and to remove from zero
the remaining closed-loop poles which can be assigned.
VI. EXPERIMENTAL RESULTS
In this section several real-time experiments will be carried
out in order to show the performances of multiple models adap-
tive control in comparison with a classical one for the flexible
transmission system. Different functions have been developed
in order to realize the multiple models adaptive control on the
VisSim [20] software environment.
Three discrete-time identified models for the no-load, half-
load, and full-load cases together with an adaptive model with
reinitialization using the CLOE algorithm are considered in the
set of models (the adaptive free running model which is theo-
retically needed for deriving a stability proof was not necessary
in the applications because there exists always a fixed model
which leads to a stabilizing controller for all of the loadings).
The bloc diagram of the control architecture is illustrated in
Fig. 10. and represent unloaded, half loaded, and
full loaded models, respectively. is the adaptive model using
the CLOE algorithm. At every instant, the supervisor chooses
the best model according to the performance index of (5)
and the control input is determined based on this model
and using the pole placement method. The following specifica-
tions are considered for the pole placement control design.
Dominant Poles: A pair of complex poles with a frequency of
6 rad/s (0.048 and a damping factor of 0.9. This frequency
corresponds to the natural frequency of the first vibration mode
of the full loaded model.
Auxiliary Poles: A pair of auxiliary poles with a frequency
of 33 rad/s (0.263 and a damping factor of 0.3 which
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Fig. 10. Bloc diagram of the real time experiments.
is close to the high-frequency poles of open-loop models and
the real poles Fixed Terms: The
controller contains an integrator and a term in the
numerator to reduce the input sensitivity function in very high
frequencies.
Reference Model (Tracking): A second-order system with
rad/s and a damping factor of 1 is chosen as the
reference model for tracking.
An estimation of the control input is also computed
which will be used to determine and in the CLOE
algorithm.
A two degree of freedom RST controller for the pole place-
ment is considered, i.e.,
(22)
where is the reference trajectory stored in the computer or
generated via the reference model.
The aim and objective of the three real time experiments are
summarized as follows:
Experiment 1: Comparision of fixed robust control versus
adaptive multimodel control which shows a reduction of
tracking error for multimodel adaptive system.
Experiment 2: Comparison of classical adaptive control
versus adaptive multimodel control which results in a faster
parameter adaptation and better reliability for multimodel
adaptive system.
Experiment 3: Studying the behavior of the adaptive mul-
timodel control system when the fixed models (0%, 50%, and
100% load) do not correspond to reality (25%, 75% load) which
illustrates fast parameter adaptation.
A. Experiment 1
A square wave signal with an amplitude of 1 V and a pe-
riod of 10 s is applied on the input of the reference model and
a disturbance is applied at the output of the plant (the angular
position of the third pulley is changed slowly by hand and is re-
leased rapidly). The experiment is started without load on the
third pulley and at the instants 9 s, 19 s, 29 s, and 39 s 25% of
the total load is added on the third pulley. Therefore the system
without load becomes full loaded in four stages. The parame-
ters of the adaptive model are initialized to zero. The results
of this experiment are compared with a fixed parameters robust
controller which satisfies the specifications of the flexible trans-
mission benchmark [1] in Fig. 11. Fig. 11 shows on one hand
that very good performances in tracking and disturbance rejec-
tion are achieved using adaptive control with multiple models
and on the other hand it shows that adaptive schemes proposed
provides better performances than a good robust controller.
B. Experiment 2
The same control system with the same synthesis parameters
as well as the same reference signal is again considered (without
disturbance). The plant is initially full loaded and it passes to
unloaded case in two stages (at 19 s and 29 s). The results il-
lustrated in Fig. 12 show the good tracking performances of the
system. The switching diagram shows the best model chosen
at every instant. In Fig. 12(d) 0 corresponds to the adaptive
model and 1, 2, and 3 correspond to the no-load, half-load, and
full-load models. The design parameters for the switching rule
are: α , β , and λ and the performance index is
computed for 100 samples (from up to , where
is the sampling period). These parameters lead to a rather fast
control system with respect to the plant parameters variation.
It should be noticed that this experiment cannot be carried
out using the classical adaptive controllers, because the control
system generates signals greater than the value that can be tol-
erated by the real system. The maximum variation of angular
position of the first and third pulleys is 90 (corresponds to 2
V) from the equilibrium point. A proximity switch is utilized
KARIMI AND LANDAU: ROBUST ADAPTIVE CONTROL OF A FLEXIBLE TRANSMISSION SYSTEM USING MULTIPLE MODELS 329
Fig. 11. Comparison of a fixed robust controller with an adaptive multimodel controller (0% → 100% in four stages at 9 s, 19 s, 29 s and 39 s).
Fig. 12. Results of experiment 2 (100% → 0% in two stages at 19 s and 29 s).
to shut down the system when the third pully rotates more than
90 . Fig. 13 shows the simulation results using a classical adap-
tive controller. The parameters of the model are initialized in
open loop using a PRBS (pseudorandom binary sequence) and
the loop is closed at 9 s. The loads on the third pulley are taken
off in two stages (at 19 s and 29 s). In the first stage (at 19 s)
only a small deterioration in the response occures because the
full-loaded and half-loaded models are not very different and the
controller designed for the first one also stabilizes the second
one. The parameter adaptation is not fast at this stage because
the adaptation error is small. In the second stage, the controller
for half-load does not stabilize the system for no-load. This gen-
erates large values of the adaptation error leading quickly to a
stabilizing controller. Unfortunately the simulated output of the
plant passes above 2 V during the adaptation transient and this
is not acceptable on the real system.
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Fig. 13. Simulation results using classical adaptive control (100% → 0% in two stages at 19 s and 29 s).
Fig. 14. Results of experiment 3 (75% → 25% in one stage at 19 s).
C. Experiment 3
In order to show how the control system works, especially to
emphasize the switching and tuning aspects, the second exper-
iment will be carried out again passing from 75% load to 25%
load in one stage. This experiment is particular because neither
the initial model nor the final model belong to the set of fixed
models used in the control scheme. The switching diagram of
Fig. 14 shows that at the beginning of the experiment the full
loaded model is chosen by the supervisor as the best model for
the plant with 75% load (switching). Then the adaptive model
initialized by the parameters of the full loaded model is chosen
by the supervisor (from 1 s) and remains as the best model for a
period of about 20 s (tuning). Next, just after a load change on
the third pulley (19 s), the half loaded model is chosen rapidly as
the best model for the plant with 25% load (switching) and then
the parameters of the adaptive model are tuned by the adapta-
tion algorithm (tuning). This experiment clearly shows the role
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of switching to the fixed models in augmenting the adaptation
speed of the adaptive control system even when the true plant
models do not correspond to the fixed models used in the con-
trol scheme.
VII. CONCLUSIONS
An application of the multiple models adaptive control to a
flexible transmission system has been presented. The robustness
of the control system with respect to high-frequency uncertain-
ties has been improved with the particular choice of the auxiliary
poles in the pole placement technique.
A recently developed recursive adaptation algorithm has been
used in the tuning phase of the multiple models scheme. It has
been shown that the parameter adaptation in this algorithm is in-
sensitive to the output disturbances and gives no parameter drift
in the absence of excitation signal. The use of this algorithm in
the multiple models adaptive control has the following advan-
tages:
• It reduces the unwanted switching caused by the output
disturbances.
• It gives a more precise model in the critical zone for robust
control.
• The estimated parameters are not influenced by noise
(asymptotically).
Thus, using this adaptation algorithm the performance of the
control system is improved particularly in the tuning phase.
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